ABSTRACT
Introduction

22
Sperm transfer is a complex process in cephalopods, with males transferring intricate sper-23 matophores to females during copulation (Mangold, 1987; Hanlon and Messenger, 1996) .
24
Through the so-called "spermatophoric reaction", the spermatophore everts itself, forming a 25 spermatangium (Austin et al., 1964; Mann et al., 1966; Takahama et al., 1991) which is at-26 tached to the female body through distinct mechanisms, e.g., mechanical anchorage provided 27 by the ejaculatory apparatus and chemical adhesion by the cement body (Marian, 2012a, b) . 
36
In cases where a sperm storage organ is present, it is not known how the spermatozoa reach 
53
Attached spermatangia may also function as a means of sperm storage; some studies reported 54 that sperm from attached spermatangia contribute directly to fertilization (e.g., in S. apama; 55 Naud et al., 2005). In L. bleekeri, males that attach spermatangia inside the female mantle 56 have higher fertilization success (Iwata et al., 2005) . While sperm discharge is related to ferti-57 lization success, it also influences sperm depletion in spermatangia, affecting how long sper-58 matangia store sperm on the female body. Sperm discharge is thus an important event not only 59 for sperm transfer but also for both the fertilization ability and sperm storage capacity of at-60 tached spermatangia. Nevertheless, knowledge of these processes remains deficient.
61
The Japanese pygmy squid Idiosepius paradoxus mates in the head-to-head position (Kasugai, 62 2000; Nabhitabhata and Suwanamala, 2008) . During copulation, the male squid darts towards (Sato et al., 2010) . The pygmy squid is an ideal species for studying sperm dis-66 charge because, apart from the ease of culturing and maintaining live animals, the location of 67 spermatophore placement is distinct from the site of sperm storage, which implies that sperm 68 discharge plays an important role in sperm transfer. In the present study, we describe the gross 69 morphology of spermatophores and spermatangia and the spermatophoric reaction of the Jap-
70
anese pygmy squid, and we investigate sperm discharge from spermatangia obtained in vivo.
71
Additionally, we investigate the condition of naturally attached spermatangia and sperm dis- iod; the aquaria were exposed to outdoor air temperatures, which ranged from 12 to 14 °C. To conduct the experiments, two males and one female were introduced into an experimental 114 aquarium (60 cm × 45 cm × 45 cm). Before female introduction we confirmed that the female 115 did not have any spermatangia attached to its body. We split the aquarium into two areas with 116 a partition and confined each sex to one area for more than 3 h before the experiment began to 117 acclimate the animals to aquarium conditions. A plastic plate (1 cm × 20 cm) was placed on 118 the sand bottom in each area as an adhering substrate. All trials were conducted between 0900 119 and 2100 hours.
120
At the beginning of the experiment, we removed the partition and allowed the squids to ap-121 proach each other for 30 min. After copulation and confirmation that spermatangia had been 122 transferred to the female, we segregated the female from the males again using the partition.
123
After 6, 12, 18, 24 and 48 h, 5, 10, 7, 14 and 11 females were anaesthetized with 1% ethanol, 124 respectively, the attached spermatangia were examined using a microscope and photographs 
130
The significance of the effect of time was assessed using a Wald test. We used R version 
Spermatophores, spermatophoric reaction and spermatangia
135
Spermatophores are slender, cylindrical, and ~2.5 mm in length (Fig. 1A) . The aboral region 136 of the spermatophore is filled by the sperm mass (Fig. 1B) . The sperm mass is ~1350 µm long 137 and connected to the cement body at the middle of the spermatophore by a thin connecting 138 cylinder (Fig. 1C) . The cement body and the ejaculatory apparatus are ~850 and ~300 µm 139 long, respectively. Except for its aboral end, the cement body is covered by the outer mem-140 brane, the middle membrane and the inner tunic, the inner tunic bearing several folds (Fig. 1C   141 and D). The cement body is wider at the aboral and oral ends, the intermediate region being 142 thinner and much longer than either end (Fig. 1A, C and D) . The ejaculatory apparatus is 143 composed of the inner tunic and the outer, middle and inner membranes (Fig. 1D) . The cap 144 bears a long cap thread at the oral end of the spermatophore (Fig. 1D) .
145
At the beginning of the spermatophoric reaction, the ejaculatory apparatus tube is extruded 146 and everted from the oral end of the spermatophore ( Fig. 2A ; see also movie 1 in the supple-147 mentary online Appendix). During the elongation of the everting ejaculatory apparatus tube, 148 the cement body and the sperm mass move to the everting tube (Fig. 2B) . The cement body is 149 compressed when it reaches the oral end of the tube (Fig. 2C) , and the sperm mass is briefly 150 stored within the tube that is formed by the everting outer membrane and inner tunic ( forming spermatangium is curved and filled with the sperm mass (Fig 2C and D) . Finally, the 153 outer membrane and the inner tunic separate from the remaining empty case (middle mem-154 brane and outer and middle tunics) and the spermatophoric reaction is completed (Fig. 3A-C) .
155
The duration of the spermatophoric reaction (from extruding the ejaculatory apparatus to 156 completing spermatangium formation) was 20.75 ± 4.03 s (mean ± SD, n = 4).
157
The spermatangium is ~2 mm long and ~80 µm in diameter and is fishhook-shaped (Fig. 4A) .
158
The base of the spermatangium is composed of a burst cement body (Fig. 4A) (Fig. 4B) . The remaining empty case of the spermatophore is composed 160 of the outer tunic case and part of the evaginated ejaculatory apparatus tube ( Fig. 5A and B) .
161
The spiral filament is conspicuous in the remaining empty case (Fig. 5C ). In 50 spermatangia, the velocity of sperm discharge was fast soon after the formation of the In 10 spermatangia, spermatozoa discharge occurred slowly even shortly after spermatangium 176 formation, the following steps proceeding as above. All spermatangia that were observed on glass slides stopped discharging after about 1 h. We 178 transferred 10 spermatangia to Petri dishes soon after the spermatophoric reaction. Although 179 sperm discharge from these spermatangia followed the same pattern as the glass slide obser-180 vations and discharge stopped after about 1 h, two spermatangia continued to release sperma-181 tozoa for more than 6 h. However, spermatozoa release had stopped when we observed these 182 spermatangia after 10 h, even though several spermatozoa remained in the spermatangium.
183
We could not determine how long a spermatangium can store sperm by in vitro observation. 
In vivo sperm discharge
186
The volume of remaining sperm in the naturally attached spermatangia differed (Fig 7A) , with 187 some spermatangia having a larger amount of sperm while others were empty (Fig 7B) after 188 the same period of time after copulation. Table 1 Fig. 8 ). We observed several broken spermatangia (i.e., they only consisted of a 193 cement body) among intact spermatangia in the 12-, 18-, and 24-h treatment groups (Fig 9) .
194
However, there were no intact spermatangia in the 48-h experimental treatment group, and 195 except for 2 females that only had broken spermatangia, the remaining 9 females did not have 
228
Considering that spermatangia attachment appears to be loose in this species, the dimorphic 229 hectocotyli may assure successful spermatophore transfer.
230
The shape of cephalopod spermatangia is highly variable, appearing as a short pole in S. of- 
Sperm discharge from the spermatangium
243
In almost all spermatangia of I. paradoxus observed in vitro, the flow of sperm discharge be-244 came weak within 5 min after the beginning of sperm release, stopping within 1 h even if the 245 spermatangium contained a large number of spermatozoa. In previous studies that described 246 sperm discharge in squids, no early decrease in sperm discharge has been reported (Drew, More studies are needed to determine exactly how spermatangia are lost after copulation.
279
In naturally attached spermatangia in vivo, the volume of residual sperm was highly variable. ney". This description suggests that the discharge is rapid, at least at the beginning of sperm 298 release. Therefore, short-term storage of the spermatangia may be common in decapodiforms.
299
To investigate this hypothesis, additional studies of sperm discharge in various species are 300 necessary. 
